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O b s e r v a t i o n s  and T h e o r i e s  of I n t e r s t e l l a r  Dust  
John  S. M a t i ~ i s ,  U n i v .  of Wiscons in -Madison  
I n t r o a u c t i o n  and D i s c l a i m e r :  I 1 -cry t o  sur; ir~iarize t h e  
o b s e r v a t i o n i i l  p r o p e r t i e s  of  d u s t ,  a s  based  on ( 1 )  t h e  e x t i n c t ~ o n  
o v e r  a  f a c t o r  of 100 i n  wave l eny th  ( 0 . 1  pm - 10 p r ~ l ) ,  ( 2 )  o n  
p o l a r i z a t i o n ,  bo th  1  i n e a r  and c i r c u l a r ,  ( 3 )  on r a t h e r  narrow 
e rn l s s i on  and a b s o i - p t i o n  f e a t u r e s  i n  t h e  s p e c t r u m ,  and : 4 )  or1 
r e f l e c t i o n  n e b u l a e .  I  w i l l  t h e n  d i s c u s s  t h e o r i e s .  C l e a r l y ,  I 
c a n n o t  men t i on  much of t h e  v a s t  1 i t e r a t u r e  which i s  r e l e v a n t .  
T h e r e  a r e  r e v i e w s  i n  Savage  and Ma th i s  ( 1 9 7 9 ) ,  S t e i n  and S o i f e r  
( 1 9 8 3 ) ,  and D r a i n e  ( 1 9 8 4 ) .  To t h e  many w o r k e r s  i n  t h e  f i e l d  
Lrnose p a p e r s  I bri l l  f a i l  t o  c i t e ,  I s a y :  p l e a s e  d o n ' t  f e e l  
s l i y h t e d ;  you have p l e n t y  o f  company. 
I t  i s  e s s e n t i a l  t o  r e a l i z e  t h a t  t n e  words " i n t e r s t e l l a r  
d u s t "  r e f e r  t o  d i f f e r e n t  m a t e r i a l s  when t n e y  r e f e r  t o  t h e  a i f f u s e  
ISM, t o  t h e  o u t e r  e d g e s  of d e n s e  c l o u d s ,  o r  t o  t h e  d a r k  c e n t r d l  
r e g i  ons  o f  t h o s e  c l o u d s .  The re  a r e  o b v i o u s  o b s e r v a t i o n a l  
s e l e c t i o n s  which make i t  d i f f i c u l t  t o  s t u d y  d u s t  i n  a e n s e  
r e g i o n s .  Elost o f  what I w i l l  s.ay r e f e r s  t o  d u s t  i n  d i f f u s e  
r e g i o n s ,  which I \ t i l l  c a l l  " d i f f u s e  d u s t " .  
I .  O b s e r v a t i o n s  
A .  E x t i n c t i o n .  The re  i s  v e r y  good agreement  o n  a  " s t a n d a r u b i  
e x t i n c t i o n  law f o r  d i f f u s e  d u s t  f o r  x > 0 . 3  urn. In d e n s e  
r e g i o n s ,  e x t i n c t i o n  f o r  x > 0 . 5 5  pm seems t o  be t h e  same a s  f o r  
d i f f u s e  d u s t , b u t  t h e  v a l u e  of K ( V )  ( =  A ( v ) / E ( B - V ) )  i n c r e a s e s  from 
t h e  u i f f u s e  ISM v a l u e  o f  3.1 t o  4 o r  5 .  Tne change  seems t o  be 
i n  t h e  B m a g n i t u d e ,  i n  t h e  s e n s e  t h a t  t h e  e x t i n c t i o n  becomes more 
g r e y .  In  t h e  IUE u l t r a v i o l e t ,  t h e  s i t u a t i o n  i s  q u i t e  d i f f e r e n t :  
t h e r e  a r e  c e r t a i n l y  r e a l  v a r i a t i o n s  o f  t h e  e x t i n c t i o n  even  i n  t h e  
d i f f u s e  ISM, e s p e c i a l l y  f o r  x < 0.16 urn (Ibiassa e t  a l e  1 9 8 3 ;  l i i t t  
e t  a7 .  1 9 8 4 a ) .  These  v a r i a t i o n s  a r e  o f t e n  s h a r e d  by a l l  s t a r s  i n  
a  common r e g i o n  of t n e  s k y .  The changes  i n  e x t i n c t i o n  from one ' 
s t a r  t o  a n o t h e r  have a  u n i v e r s a l  wavelengt l l  d e p e n d e n c e ,  
s u y g e s t i n y  t h a t  a  s i n g l e  g r a i n  p o p u l a t i o n  i s  r e s p o n s i b l e  For t h e  
.. far-UV r i s e  ( G r e e n b e r g  and C t 1 1  ew ick i  1983 ;  Massa and Savage  
1 9 8 4 ) .  The famous ~ 2 1 7 5  "bump" i s  t h e  o n l y  e x t i n c t i o n  f e a t u r e  i n  
t h e  whole  visual -UV r e g i o n  ( I  am n o t  c o n s i d e r i n g  t h e  d i f f u s e  
i n t e r s t e l l a r  b a n d s ,  which a r e  l i k e l y  p roduced  b y  some m a t e r i a l  
a s s o c i a t e d  w i t h  d u s t ) .  Unpubl i shed  work by E .  L .  F i t z p a t r i c k  a n d  
U .  F,iassa ( p r i v a t e  commun ica t i on )  show t h a t  t h e  w a v e l e n y t h  of t i l e  
rnaxirnum o f  t h e  b u m p  i s  e x c e e d i n y l y  c o n s t a n t  from d i r e c , t i o n  t o  
d i r e c t i o n ,  w h i l e  t h e  w i d t h  and s t r e n g t h  of t h e  b u m p  v a r y  
s i g n i f i c a n t l y .  T h i s  b e h a v i o r  i s  n o t  a t  a l l  l i k e  t i , a t  e x p e c t e d  
fro111 g r a p h i t e ;  r~lore a b o u t  t h i s  l a t e r . .  . 
The o n l y  o t h e r  s p e c t r a l  a b s o r p t i o n  f e a t u r e s  a r e  i n  t h e  
n e a r - i n f r a r e d  (NIR)  : t h e  9 . 7  pni " s i l i c a t e "  f e a t u r e ,  wrlici-1 i s  
matctled wel l  by arnorplious s i l i c a t e s  b u t  sor;iewhat b e t t e r  by t i l e  
a b s o r p t i o n  i n  t h e  o x y g e n - r i c h  s t a r  p Cep (goc i te  and A i t k e n  1584). 
The re  i s  a 2 0  pn a b s o r p t i o n  f e a t u r o  lrhich i s  a l s o  p r e s e n t  i n  
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s ~ l i c a t e s .  A 3 . 4  pm a b s o r p t i o n  i s  ~ ~ e a k  b u t  c o n s i s t e n t  w i t h  
a b s o r p t i o n  by C - H  s t r e t c h i n g .  The a b s o r p t i o n  c o e f f i c i e n t s  o f  
i n d i v i d u a l  h y d r o c a r b o n s  v a r y  g r e a t l y ,  and o n l y  t i n y  amounts  o f  
some s u D s t a n c e s  c o u l d  p roduce  t h e  e n t i r e  3 .4  pm b a n d ,  w h i l e  o t h e r  
m a t e r i a l s  would r e q u i r e  most  of  t h e  c o s m i c a l l y  a v a i l  a b l e  c a r b o n  
i n  o r d e r  T O  h ave  s u f f i c i e n t  s t r e n g t h  ( D u l e y  and W i l l i a m s  1 9 7 9 ) .  
The 3 . 4  um a b s o r p t i o n  i s  s e e n  o n l y  when t h e r e  i s  a  huge amount o f  
v i s u a l  e x t i n c t i o n ,  such  a s  A ( V )  = 25 - 40 mag t o w a r d s  IRS 7 n e a r  
t h e  g a l a c t i c  c e n t e r  ( J o n e s  e t  a l . ,  1983 ;  A l l e n  and Wickramas inghe  
1981). he  happen t o  be  v i ewing  t h e  g a l a c t i c  c e n t e r  t h r o u g h  o n l y  
d ~ f f u s e  I S M ,  s o  t h e  3 .4  pm band i s  p r e sumab ly  found  i n  s t a n d a r d  
d i f f u s e  d u s t .  
T h e r e  i s  an a b s o r p t i o n  f e a t u r e  a t  3.07 um which d o e s  n o t  
o c c u r  i n  d i f f u s e  d u s t .  I t  i s  somet imes  n o t  v i s i b l e  u n t i l  A ( V )  = 
2 5  mag ( H a r r i s  e t  a l .  1 9 7 8 ) ,  b u t  i t  can a p p e a r  a t  A ( V )  = 4  - G 
ma; ( W h i t t e t  e t  a l .  1 9 8 3 ) .  I t  can  be f i t t e d  v e r y  w e l l  by s o l  i d  
w a t e r  and ammonia i c e s  (Hagen e t  a l .  1 9 8 3 ) .  T h e r e  i s  a i s o  a  4 .67 
urn f e a t u r e  i n  v e r y  d a r k  c l o u d s  which i s  p r e sumab ly  c a u s e d  by 
s o l i d  C O  (Lacy  e t  a l .  1 9 8 4 ) .  Hence,  t h e r e  i s  no d o u b t  t h a t  
a e e p  w i t h i n  d a r k  c l o u d s  t h e  g r a i n s  have c o a t i n g s  o f  i c e s .  
E m i s s ~ o n  f e a t u r e s  a r e  o b s e r v e d  a t  3 . 3 ,  3 . 4 ,  6 . 2 ,  7 . 6 ,  8 . 8 ,  
a n d  11 .9  urn i n  such  d i v e r s e  s o u r c e s  a s  some S e y f e r t  I g a l a x i e s ,  
p l a n e t a r y  n e b u l a e ,  and s t e l l a r  s o u r c e s  d e e p  w i t h i n  m o l e c u l a r  
c l o u d s .  T he re  i s  a  good r e v i e w  by A i tken  ( 1 9 8 1 ) .  
L i n e a r  p o l a r i z a t i o n  c a u s e d  by a l i g n m e n t  o f  g r a i n s  shows a  
rnaxlmum a t  a  w a v e l e n g t h ,  ~ ( m a x ) ,  which v a r i e s  f rom s t a r  t o  s t a r .  
I t  i s  i n  t h e  r a n g e  0 . 4  t o  1 . 0  pm,  w i t h  an a v e r a g e  o f  0 . 55  pm.  
A n  e m p i r i c a l  law ( W i l k i n g  e t  a l .  1 9 8 2 )  f i t s  t h e  form of p ( ~ )  v e r y  
1 T h e r e  i s  a  good l i n e a r  c o r r e l a t i o n  be tween  ~ ( n a x )  and R(V) 
( W h i t t e t  and van Breda 1 9 7 8 ) ,  u n d e r s t o o d  i n  a  r e a s o n a b l e  b u t  
q u a l i t a t i v e  way by t h e  i d e a  t h a t  b o t h  l a r g e  ~ ( m a x )  and R ( V )  a r e  
a s s o c i a t e d  w i t h  p a r t i c l e s  which a r e  l a r g e r  t h a n  a v e r a g e  ( b u t  s e e  
Chin i  and Kruegel  1983 f o r  a n o t e  of  c a u t i o n  on t h i s  p o i n t ) .  
Tne re  i s  no c o r r e l a t i o n  between p(max)  and E ( B - V ) ,  e x c e p t  t h a t  
t n e i r  r a t i o  n e v e r  e x c e e d s  9% pe r  mag. T h i s  f a c t  i s  e a s i l y  
e x p l a i n e d :  a  t a n g l e d  m a g n e t i c  f i e l d  o r  i m p e r f e c t  g r a i n  a1 ignment  
c a n  e a s i l y  l o ~ ~ e r  p ( m a x ) / E ( S - V ) .  The l a r g e s t  v a l u e s  o f  
p ( m a x ) / E ( E - V )  must be a s s o c i a t e d  w i t h  t h o s e  d i r e c t i o n s  w i t h  t h e  
rnost un i fo rm  m a g n e t i c  f i e l d  and p e r f e c t  a1 i gnmen t .  The o b s e r v e d  
naxiriium v a l u e  i r n p l i e s  a l m o s t  p e r f e c t  s p i n n i n g  a l i g n m e n t  
( G r e e n b e r g  1 9 6 8 ) .  
The 9.7 pm " s i l i c a t e "  a b s o r p t i o n  band shows v e r y  s t r o n g  
I ~ n e a r  p o l a r i z a t i o n  i n  sortie c a s e s ,  such a s  t h e  Or ion  B N  o b j e c t .  
The s i g n i f i c a n c e  of t h i s  f a c t  i s  t h a t  t h e  g r a i n s  r e s p o n s i b l e  f o r  
t h e  9 . 7  pm band must be e l o n g a t e d  and a l i g n e d .  
C i r c u l a r  p o l a r i z a t i o n  p r o v i d e s  a  power fu l  d i a g n o s t i c  
r e g a r d i n g  t K s e  g r a i n s  which a r e  a l i g n e d  ( b u t ,  o f  c o u r s e ,  o n l y  
t h o s e )  b e c a u s e  i t  goe s  t h r o u g h  z e r o  a t  a  w a v e l e n g t h  h ( c i r )  which 
i s  q u i t e  s e n s i t i v e  t o  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  m a t e r i a l .  
O b s e r v a t i o n s  ( M a r t i n  and Angel 1 9 7 7 )  show t h a t  ~ ( c i r )  = ~ j m a x ) ,  
t h e  r ~ a v e l e n g t h  a t  which l i n e a r  p o l a r i z a t i o n  i s  a  maximum. M a r t i n  
( 1 9 7 4 )  shoued t h a t  t h i s  c o n d i t i o n  imp1 i e s  t h a t  t h e  p o l a r i z i n g  
m a t e r i a l  i s  a  d i e l e c t r i c ,  w i t h  a  r e a l  i n d e x  o f  r e f r a c t i o n  and no 
t r u e  a b s o r p t i o n ,  i f  t h e  i ndex  o f  r e f r a c t i o n  i s  i n d e p e n d e n t  o f  
w a v e l e n g t h .  The m a t e r i a l  m a g n e t i t e  h a s  an i n d e x  o f  r e f r a c t i o n  
~ ~ h i c h  v a r i e s  w i t h  A i n  such a  way t h a t  a t  0 .55 u m ,  i t  would have 
~ ( c i r )  = ~ ( m a x ) .  However, t h e  c o n d i t i o n  i s  n e t  f o r  s t a r s  r ihicl)  
have d i f f e r e n t  v a l u e s  of ~ ( m a x ) ,  and m a g n e t i t e  would n o t  p r o v i d e  
t h e  o b s e r v e d  c o n d i t i o n  f o r  o t h e r  w a v e l e n g t h s .  T h u s ,  t h e  g r a i n s  
which p r o v i d e  t h e  p o l a r i z a t i o n  have an a l b e d o  o f  a l m o s t  u n i t y .  
As we s h a l l  s e e ,  t h i s  f a c t  p u t s  power fu l  p r e s s u r e  on t h e o r i e s  o f  
a r a i n s .  
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R e f l e c t i o n  nebu l ae  and t h e  d i f f u s e  g a l a c t i c  l i g h t  can  i n  
p r i n c i p l e  p r o v i d e  i n f o r m a t i o n  a b o u t  g r a i n s ,  b u t  u n f o r t u n a t e l y  t h e  
i n t e r p r e t a t i o n  of o b s e r v a t i o n s  i s  h i g h l y  d e p e n d e n t  on t h e  unknown 
g e o m e t r y  of t h e  nebu l a .  The most  i n t e r e s t i n g  o b s e r v a t i o n  i s  t h a t  
t h e r e  i s  an e x c e s s  of e m i s s i o n  i n  t h e  NIR, p r o b a b l y  e x t e n d i n g  
i n t o  t h e  r ed  s p e c t r a l  r e g i o n  ( S e l l g r e n  1 9 8 4 ,  W i t t  e t  a l .  1 9 2 4 b ) .  
I would g u e s s  t h a t  i t  e x t e n d s  i n t o  t h e  IRAS 12 and 25 urn c h a n n e l s  
a s  w e l l .  I t  i s  presumably caused  by e i t h e r  a  f l u o r e s c i ? n c e  
( e x c i t e d  by a  U V  s t e l l a r  p h o t o n )  o r  by t h e  h e a t i n g  o f  v e r y  t j n y  
g r a i n s  by s i n g l e  U V  p h o t o n s ,  f o l l o w e d  by r a d i a t i v e  c o o l i n g .  Tile 
s p e c t r u m  of t h e  e x c e s s  e m i s s i o n ,  and i t s  v a r i a t i o n  w i t n  s p e c t r a l  
t y p e  of t h e  e x c i t i n g  s t a r ,  w i l l  be  an i n t e r e s t i n g  d i a g n o s t i c  of  
g r a i n s .  
There  a r e  o t h e r  d i a g n o s t i c s  I w i l l  n o t  d i s c u s s .  One i s  t h e  
s p e c t r u m  of t h e  f a r  i n f r a r e d  ( G O  - 200 p m )  e m i s s i o n  f rom t h e  
y r a i n s  h e a t e d  by t h e  g a l a c t i c  s t a r l i g h t .  The s p e c t r u m  depends  
on t h e  d i e l e c t r i c  p r o p e r t i e s  o f  t h e  m a t e r i a l s  t h r o u g h  t h e  
a b s o r p t i o n  of t h e  visual /UV and t h e  e m i s s i v i t y  i n  t h e  F I R .  The 
f o r m a t i o n  and d e s t r u c t i o n  of g r a i n s ,  and t h e  d e p l e t i o n s  o f  
e l e m e n t s  from t h e  gas  phase  o f  t h e  ISM, a l s o  a r e  i m p o r t a n t  c l u e s  
a s  t o  t h e  k i n d s  of p a r t i c l e s  which o u g h t  t o  be p r e s e n t  i n  s p a c e .  
11. T h e o r i e s  of G r a i n s  
There  a r e  a t  l e a s t  f o u r  " c o m p l e t e "  t h e o r i e s  o f  g r a i n s  b ~ h i c h  
c l a i m  t o  e x p l a i n  t h e  e n t i r e  r ange  o f  o b s e r v a b l e  wave l eng t i l s  ( 0 . 1  
- 20  urn). They have one f e a t u r e  i n  common, i n  my o p i n i o n :  e ach  
i s  in  c o n f l i c t  w i t h  a t  l e a s t  one o b s e r v a t i o n .  P o s s i b l y  t h e  r e a l  
answer  i s  a  comb ina t i on  of some o f  t h e s e  i d e a s ,  p l u s ,  I s u s p e c t >  
s e v e r a l  c o n c e p t s  which no one ha s  t h o u g h t  o f  y e t .  
I d i s c u s s  t h e  t h e o r i e s  i n  t u r n ,  f o l l o w e d  by a  c o n t r a s t  o f  
t i l e  two most commonly d i s c u s s e d  o n e s .  
A .  F .  Hoyle a n d - N .  C .  N i ck ramas inghe  ( 1 9 8 2 )  a d v o c a t e  a  
m i x t u r e  of anhydrous  b i o l o g i c a l  m a t e r i a l ,  pl us g r a p h i t e  f o r  t h e  
h2175 - b u m p .  J a b i r ,  Hoyle ,  and Wickramas inghe  ( 1 9 8 2 )  g i v e  a 
s p e c i f i c  l i s t  of  m a t e r i a l s  i n  t h e  mode l ,  b u t  t h e  i n g r e d i e n t s  sesm 
t o  vary  from t i m e  t o  t i m e .  The o n l y  c o n c r e t e  o b j e c t i o n  I am 
aware o f  (Whi t t e t  1984)  i s  t h a t  t h e  model u s e s  an o r d e r  o f  
magni tude  more phosptiorus t h a n  i s  c o s m i c a l l y  a v a i l a b l e .  
B .  W .  L!. Duley ,  T .  J .  M i l l a r ,  and a s s o c i a t e s  ( e .  g . ,  Duley 
and Najdowsky 1 9 8 3 )  e x p l a i n  t h e  e x t i n c t i o n  w i t h  v a r i o u s  m e t a l 1  i c  
o x i d e s  and amorphous ca rbon .  The ~ 2 1 7 5  bunp i s  c a u s e d  by 
t r a n s i t i o n s  of  s u r f a c e  oxyyen i o n s  on t i n y  ( 1 0  Angs t rom)  M g O  
c r y s t a l s .  The t i n y  s i z e  i s  r e q u i r e d  b e c a u s e  o n l y  s u r f a c e  a toms 
c a r r y  t h e  t r a n s i t i o n  ( i n  f a c t ,  b u l k  MgO h a s  a  v e r y  s t r o n g  
a b s o r p t i o n  a t  0 . 1 6 4  pm w h i c h  i s  n o t  s e e n ) .  T h e r e  a r e  a l s o  S iO  
and  FeO g r a i n s  w h i c h  a r e  l a r g e  ( 0 . 1  e l o n g a t e d ,  a n d  a l i g n e d  
i n  t h e  g a l a c t i c  m a g n e t i c  f i e l d .  T h e s e  g r a i n s  p r o v i d e  t h e  
p o l a r i z a t i o n .  T h e  s t r o n g e s t  l a b o r a t o r y  s u p p o r t  o f  t h i s  model i s  
t h e  s t u d y  (MacLean e t  a l .  1 9 8 2 )  o f  b l u e  f l o u r e s c e n c e  r a d i a t i o n  
p r o d u c e d  b y  U V  o f  v a r i o u s  w a v e l e n g t h s  i n c i d e n t  upon MgO c r y s t a l s .  
The b l u e  e m i s s i o n  i s  a  maximum when t h e  U V  i s  a t  h 2 2 0 0 .  A a i r e c t  
n l e a s u r e m e n t  o f  t h e  ~ 2 1 7 5  a b s o r p t i o n  would  be much m o r e  
c o n v i n c i n g ,  
I t  s eems  s t r a n g e  t o  me t h a t  o n e  h a s  t i n y  MgO a n d  l a r g e  S iO 
and  Feu p a r t i c l e s .  A n o t h e r  s e r i o u s  o b j e c t i o n  t o  t h i s  t h e o r y  i s  
t h e  s t r o n g  p o l a r i z a t i o n  o f  t h e  B N  o b j e c t  a t  20 urn ( K n a c k e  and  
Capps  1 9 7 9 ) .  The p o l a r i z a t i o n  i s  c a u s e d  by FeO and  S i O ;  big0 
c a n n o t  p r o d u c e  p o l a r i z a t i o n  b e c a u s e  i t s  c r y s t a l s  a r e  c u b i c  a n d  
a r e  t h e r e f o r e  t o o  s y m m e t r i c a l .  S i O  h a s  no b a n d s  a t  20 p m ,  and  
FeO p r o v i d e s  much l e s s  a b s o r p t i o n  t h a n  MgO a t  20 - 25 urn ( B r 2 h a t  
e t  a l .  1 9 6 6 ) .  
C .  J .  M. G r e e n b e r g  and  h i s  a s s o c i a t e s  h a v e  d e v e l o p e d  a  
t h r e e - c o m p o n e n t  model ( e .  g . ,  G r e e n b e r g  1 9 8 4 a , b ) .  The  
c o n s t i t u e n t s  a r e :  ( 1 )  A p o p u l a t i o n  o f  t i n y  g r a i n s ,  p r o b a b l y  
s i l i c a t e s ,  t o  p r o v i d e  t h e  s t e e p  r i s e  o f  e x t i n c t i o n  w i t h  1 / ~  a t
x < 0 . 1 6  p m .  ( 2 )  S m a l l  g r a p h i t e  g r a i n s  ( o r  s o m e t h i n g  s i m i l a r )  t o  
p r o v i d e  t h e  ~ 2 1 7 5  bump. ( 3 )  M a n t l e - c o a t e d  s i l i c a t e  g r a i n s  t o  
p r o v i d e  a l m o s t  a l l  o f  t h e  e x t i n c t i o n  f r o m  0 . 3  urn t h r o u g h  t h e  
v i s u a l / N I R .  The m a n t l e s ,  w h i c h  o c c u p y  9 0 %  o f  t h e  v o l u m e ,  a r e  
a s sumed  t o  be  t h e  " y e l l o w  s t u f f "  r e f r a c t o r y  r e s i d u e  l e f t  b e h i n d  
a f t e r  w a r n i n g  U V - p n o t o l y z e a  i c e s  o f  C O ,  w a t e r ,  ammonia e t c . ,  t o  a  
f ew  d e g r e e s  K e l v i n .  The f r e e  r a d i c a l s  i n  t h e  i c e s  r e a c t  and  
p r o d u c e  t h e  y e l l o w  m a t e r i a l  w h i c h  i s  s t a b l e  a t  room t e m p e r a t u r e s .  
T h e s e  r e a c t i o n s  p r o v i d e  t h e  g a s - p h a s e  no1 e c u l e s  w h i c h  a r e  
o b s e r v e d  i n  d a r k  c l o u d s .  Tne o b s e r v a t i o n s  o f  t h e  3 . 0 7  pm 
a b s o r p t i o n  band s t r o n g l y  i n d i c a t e  t h a t  i c y  m a n t l e s  d o  f o r m  w i t h i n  
d a r k  c l o u d s ;  t h e  q u e s t i o n  i s  how much o f  t h e  r e f r a c t o r y  r e s i d u e  
o f  t h e  m a n t l e  c a n  r e rna in  a f t e r  t h e  g r a i n  h a s  b e e n  i n j e c t e d  i n t o  
t h e  d i f f u s e  ISM and h a s  b e e n  s u b j e c t e d  t o  s h o c k s  and  o t h e r  h a r s n  
e n v i  r o n n e n t s .  
D. F l a t h i s ,  Rumpl,  and  N o r d s i e c k  ( 1 9 7 7 ;  h e r e a f t e r  F I R N )  h a v e  
two  p o p u l a t i o n s  of b a r e  r e f r a c t o r y  g r a i n s  f o r  t h e  d i f f u s e  ISM. 
One componen t  i s  g r a p h i t e ;  t h e  o t h e r  i s  s i l i c a t e s .  B o t h  h a v e  a  
p o b ~ e r - l a w  s i z e  d i s t r i b u t i o n  i n  s i z e s .  T h e r e  i s  a  r a t h e r  
a r b i t r a r y  c u t o f f  i n  s i z e s  a t  b o t h  e n d s .  O r i g i n a l l y ,  t h e  s m a l l e s t  
s i z e  was a s sumed  t o  b e  a b o u t  0 . 0 0 5  pm b e c a u s e  t h e  d a t a  w e r e  
i n s u f f i c i e n t  t o  d e t e r m i n e  t h e  d i s t r i b u t i o n  o f  s m a l l e r  s i z e s .  T h e  
o b s e r v e d  e x c e s s  NIR e m i s s i o n  o f  r e f l e c t i o n  n e b u l a e  s u g g e s t s  t h a t  
t h e  s m a l l e s t  p a r t i c l e s  m i g h t  be  a b o u t  0 . 0 0 1  p m ,  w h i c h  mak2s t h e m  
m o l e c u l e s  r a t h e r  t h a n  g r a i n s .  The l a r g e s t  p a r t i c l e  s i z e  i s  a l s o  
r a t h e r  a r b i t r a r y ,  b u t  a b o u t  0 .25  u m  o r  s o  f i t s  t h e  e x t i n c t i o n  a n d  
p o l a r i z a t i o n  q u i t e  w e l l .  I n c r e a s i n g  t h e  l a r g e s t  s i z e  f o r  
s i l i c a t e s  f i t s  o b s e r v e d  e x t i n c t i o n  i n  t h e  e d g e s  o f  d a r k  c l o u d s .  
R e c e n t l y ,  t h e  o p t i c a l  c o n s t a n t s  o f  g r a p h i t e  and  s i  I i c a t e s  h a v e  
been  r e d i s c u s s e d  by D r a i n e  and  Lee  ( 1 9 8 4 ) ,  and  any  p r e d i c t i o n s  o f  
t h e  L1KN model s h o u l d  be made w i t h  t h e i r  c o n s t a n t s .  
The M R N  model a l m o s t  s u r e l y  needs  m o d i f i c a t i o n  r e g a r d i n g  t h e  
o r i g i n  of t h e  ~ 2 1 7 5  b u m p .  M R N  r e q u i r e s  t h e  bump t o  be  p roduced  
by a  s i z e  d i s t r i b u t i o n  of g r a p h i t e  p a r t i c l e s  r a t h e r  t h a n  e n t i r e l y  
by small  ones .  The maximum i s  s h i f t e d  a b o u t  0 . 01  pm t o  l o n g e r  
wave l eng th s  by t h e  c o n t r i b u t i o n s  o f  sma l l  b u t  n o t  t i n y  ( e - g . ,  
0 . 0 2  l i m )  p a r t i c l e s ,  r ihich a l s o  c o n t r i b u t e  s c a t t e r i n g  i n  t h e  
1 < 0.15 pm r e g i o n .  T h i s  p i c t u r e  makes t h e  c o n s t a n c y  o f  t h e  
wave leng th  of t h e  maximum of t h e  bump, and t h e  l a c k  of 
c o r r e l a t i o n  o f  t h e  b u m p  s t r e n g t h  w i t h  t h e  x < 0.15 pm e x t i n c t i o n ,  
ha rd  t o  u n d e r s t a n d  ( G r e e n b e r g  and Ch lewick i  1 9 8 3 ) ,  
I  t h i n k  t h a t  t w o  r e c e n t  i d e a s  p r o b a b l y  go a  l o n g  way t o w a r d s  
c l e a r i n g  u p  t h e  problerils w i t h  t h e  ~ 2 1 7 5  b u m p .  They a r e  
t h e o r e t i c a l  c a l c u l a t i o n s  by Leger  and P u g e t  ( 1 9 8 4 ,  and p r e p r i n t s )  
and l a b o r a t o r y  work by S a k a t a  and c o w o r k e r s  ( 1 9 8 3 ,  1 9 8 4 ) .  In t h e  
S a k a t a  e t  a l .  work,  methane i s  s u b j e c t e d  t o  a  d i s c h a r g e ,  and t h e  
p r o d u c t s  a r e  quenched o n t o  a  s u b s t r a t e .  The r e s i d u e  i s  c a l l e d  
Q C C  ( "quenched  c a r b o n a c e o u s  c o n l p o s i t e " ) .  The Q C C  shows b o t h  t h e  
A2175 b u m p  and a b s o r p t i o n  f e a t u r e s  a t  most  o f  t h e  w a v e l e n g t h s  o f  
t h e  NIR e m i s s i o n  bands  i n  t h e  ISM. The Leger  and P u g e t  theor!/ 
s u g g e s t s  t h a t  m i x t u r e s  of  p o l y c y c l  i c  a r o m a t i c  mol e c u l  e s  o f  
m o l e c u l a r  w e i g h t s  o f  a b o u t  50 o r  s o ,  which I t h i n k  of a s ' p i e c e s  
o f  g r a p h i t e ,  shou ld  p roduce  t h e .  e m i s s i o n  f e a t u r e s  and t h e  NIR 
e x c e s s  i n  r e f l e c t i o n  n e b u l a e .  However,  i t  i s  somewhat o b s c u r e  
t o  me how t h e  wid th  o f  t h e  bump c a n  v a r y  much u i t h  t h e  U C C  o r  
po lycyc l  i c  a r o m a t i c s  i d e a s .  
I t  has a lways  been d i f f i c u l t  t o  u n d e r s t a n d  how c a r b o n  can  be 
annea l ed  i n t o  g r a p h i t e  i n  t h e  b r i e f  t i m e  i t  s p e n d s  a s  a  h o t  s o l i d  
i n  a  c a r b o n - s t a r  a tmosphe re .  A n n e a l i n g  i n  i n t e r s t e l l a r  s p a c e  
seems even more d i f f i c u l t .  T h e r e f o r e ,  I  f i n d  t h e  s u g g e s t i o n s  
o u t l i n e d  above ve ry  a p p e a l i n g ,  and f e e l  t h a t  M R N  s h o u l d  be 
mod i f i ed  t o  i n c l u d e  t h e  pol.yc.ylic a r o m a t i c s ,  o r  w h a t e v e r  Q C C  i s ,  
O b s e r v a t i o n a l  c o n f r o n t a t j o n  o f  M R N  a n d - ~ r e e n b e r ~  t h e o r i e s  i s  
~ o s s i b l e  because  of t h e    re dictions of  t h e  n a t u r e  o f  v i s u a l  
e x t i n c t i o n .  The r e a s o n i h g  i s  t h a t  t h e  c i r c u l a r  and 1  i n e a r  
p o l a r i z a t i o n ,  t a k e n  t o g e t h e r ,  show t h a t  t h e  pol a r i  z i n g  m a t e r i  a 1  
i s  a  d i e l e c t r i c .  I f  t h e r e  i s  o n l y  one k ind  o f  g r a i n  p r o v i d i n g  
t h e  e x t i n c t i o n ,  a s  i n  t h e  Greenbe rg  t h e o r y ,  t n e n  t h e  v i s u a l  
a l b e d o  must be a l m o s t  u n i t y  ( s e e  Greenbe rg  1 9 8 4 b ) .  Using t h e  
o p t i c a l  c o n s t a n t s  o f  D r a i n e  and Lee ( 1 9 8 4 ) ,  I  e s t i m a t e  t h a t  l e s s  
t h a n  7% of t h e  e x t i n c t i o n  a t  Ha i s  p r o v i d e d  by t h e  g r a p h i t e  
r e q u i r e d  t o  produce a l l  o f  t h e  b u m p ,  and I  s u s p e c t  t h a t  Q C C  o r  
p o l y c y c l i c  a r o m a t i c  m o l e c u l e s  p r o b a b l y  have  a b o u t  t h e  same 
a b s o r p t i o n  a s  g r a p h i t e  b e c a u s e  o f  a  s i m i l a r  chemica l  s t r u c t u r e .  
Thus ,  t h e  a l b e d o  of t h e  Greenbery  t h e o r y  s h o u l d  be 0 . 9 3  b e c a u s e  
o n l y  t h e  " g r a p h i t e "  i s  p r o v i d i n g  t r u e  a b s o r p t i o n .  Yet;, w e  know 
t h a t  H I 1  r e g i o n s  have f a i r l y  l a r g e  a b s o r p t i o n  of t h e i r  E a l ~ i e r  
l i n e s ,  a s  judged from t h e  H a / r a d i o  con t i nuum r a t i o s  ( e . g , ,  I s r a e l  
and ~ e n n i c u t t - 1 9 8 0 ) .  I f  t h e r e  were  j u s t  s c a t t e r i n g ,  ' t h e  l i n e  
photons  would e s c a p e ,  and we would s e e  n o  r e d u c t i o n  i n  l i n e  
s t r e n g t h .  Thus ,  t h e  a l b e d o  a t  Ha must  be a p p r e c i a b l y  d i f f e r e n t  
from u n i t y ,  and 0 .93  i s  nownsre n e a r  d i f f e r e n t  enough, ,  
S i r n i l  a r  r e a s o n i n g  a p p l i e s  t o  r e f l e c t i o n  n e b u l a e ;  m o s t  
a n a l y s e s  s u g g e s t  a  v i s u a l  a l b e d o  o f  0 . 6  - 0 . 7 .  T h e  M R N  p r e d i c t s  
a n  a l b e d o  o f  a b o u t  0 . 5 5  a t  Ha a n d  0 . 6 1  a t  V .  
A n o t h e r  p o i n t  o f  d i s a g r e e m e n t  b e t w e e n  M R N  a n d  G r e e n b e r g  i s  
r ~ h e t h e r  t h e  g r a i n s  i n  t h e  o u t e r  p a r t s  o f  d a r k  c l o u d s  a r e  l a r g e r  
b e c a u s e  o f  c o a g u l a t i o n  ( M R N ;  s e e  M a t h i s  a n d  W a l l e n h o r s t  1 9 8 1 )  o r  
a c c r e t i o n  o f  m a n t l e s  ( k a n n e s t a d  a n d  G r e e n b e r g  1 9 8 3 ) .  A c c r e t i o n  
i s  a  r e a s o n a b l e  i d e a ,  a n d  m u s t  c e r t a i n l y  t a k e  p l a c e  b e y o n d  s o m e  
p o i n t  i n  t h e  c l o u d .  Hokdever,  o b s e r v a t i o n s  o f  t w o  s t a r s  e m b e d d e d  
i n  c l o u d s ,  p Oph a n d  N U  O r i  ( S h u l l  a n d  v a n  S t e e n b e r g  1 9 8 5 )  
s h o w  t h a t  t h e  r a t i o  o f  t h e  c o l u m n  d e n s i t y  o f  H I  t o  e x t i n c t i o n ,  
N ( H  I ) / A ( V )  i s  g r e a t e r  f o r  t h e s e  s t a r s  t h a n  f o r  t h e  a v e r a g e  ISM. 
I n  o t h e r  w o r d s ,  t h e  e x t i n c t i o n  c r o s s  s e c t i o n  p e r  n e u t r a l  H d r o p s  
a s  we yo i n t o  t h e  c l o u d .  T h i s  i s  p r e d i c t e d  by c o a g u l a t i o n  ( J u r a  
1980), b e c u a s e  l a r g e r  g r a i n s  a r e  1  e s s  e f f i c i e n t  a b s o r b e r s .  T h e  
f a c t  t h a t  o n l y  t w o  s t a r s  show t h e  i n c r e a s e  d o e s  n o t  i m p l y  t h a t  
o t h e r s  d o  n o t  shor t  c o a g u l a t i o n .  I n  d a r k  c l o u d s ,  m o s t  H i s  
m o l e c u l a r ,  w h i c h  IUE c a n n o t  d e t e c t .  I f  a c c r e t i o n  w e r e  t h s  t r u e  
situation, t h e  c o n v e r s i o n  o f  a t o m i c  H t o  n o l e c u l a r  a l o n e  
s h o u l d  d e c r e a s e  N ( H  I ) / A ( V ) ,  s i n c e  t h e  c l o u d  m a t e r i a l  c o n t r i b u t e s  
d u s t  w i t h o u t  a t o m i c  H .  A d d i n g  new m a t e r i a l  t o  e a c h  g r a i n ,  
t h e r e b y  i n c r e a s i n g  A ( V )  f o r  t h e  f i x e d  n u m b e r  o f  g r a i n s  p e r  H 
n u c l e u s ,  m a k e s  m a t t e r s  s o  much w o r s e .  T h u s ,  a c c r e t i o n  i n  t h e  
o u c e r  p a r t s  o f  c l o u d s  p r e d i c t s  t h e  w r o n g  s i g n  o f  t h e  o b s e r v e d  
e x t i n c t i o n  p e r  H n u c l e u s .  
S u p p o s e d l y  t h e  w a v e l e n g t h  d e p e n d e n c e  o f  l i n e a r  p o l a r i z a t i o n  
i s  a s t r o n g  p o i n t  i n  f a v o r  o f  t h e  G ~ e e n b e r g  model  ( k a n n e s t a d  a n d  
G r e e n b e r g  1 9 8 3 ) .  I h a v e  a  p o s t e r  i n  t h i s  w o r k s h o p  g i v i n g  w h a t  
s e e m s  t o  Lie t o  b e  a  n a t u r a l  a n d  q u a n t i t a t i v e  e x p l a n a t i o n  o f  b o t h  
t h e  s h a p e  a n d  c h a n g e s  f r o m  r e g i o n  t o  r e g i o n  o f  t h e  l i n e a r  
p o l a r i z a t i o n .  S i n c e  i t  h a s n ' t  b e e n  p r o p e r l y  r e f e r e e d ,  I w i l l  n o t  
comment  on i t  f u r t h e r .  I  i n v i t e  c r i t i c i s m s  o f  t h e  p o s t e r .  
O v e r v i e w :  - I c l o s e  \ ~ i t h  t h e  t h o u g h t  t h a t  t h e r e  h a v e  b e e n  
g r e a t  s t r i d e s  i n  t h e  u n d e r s t a n d i n g  o f  t h e  n a t u r e  o f  d u s t  i n  t h e  
p a s t  t e n  y e a r s .  I  f e e l  t h a t  t h e  new i d e a s  r e g a r d i n g  QCC a n d  
p o l y c y c l  i c  a r o m a t i c  h y d r o c a r b o n s  a r e  v e r y  e x c i t i n g .  I s u s p e c t  
t h a t  no o n e  t h e o r y  u i 1 1  e m e r g e  a s  t h e  " w i n n e r " ,  a n d  t h a t  t h e  t r u e  
o n e  h a s  y e t  t o  b e  f o r m u l a t e t i .  
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